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Jason D. Warren
Symptoms suggesting altered processing of pain and temperature have been described in dementia diseases and may contribute
importantly to clinical phenotypes, particularly in the frontotemporal lobar degeneration spectrum, but the basis for these symptoms
has not been characterized in detail. Here we analysed pain and temperature symptoms using a semi-structured caregiver question-
naire recording altered behavioural responsiveness to pain or temperature for a cohort of patients with frontotemporal lobar degen-
eration (n = 58, 25 female, aged 52–84 years, representing the major clinical syndromes and representative pathogenic mutations in
the C9orf72 and MAPT genes) and a comparison cohort of patients with amnestic Alzheimer’s disease (n = 20, eight female, aged 53–
74 years). Neuroanatomical associations were assessed using blinded visual rating and voxel-based morphometry of patients’ brain
magnetic resonance images. Certain syndromic signatures were identiﬁed: pain and temperature symptoms were particularly prevalent
in behavioural variant frontotemporal dementia (71% of cases) and semantic dementia (65% of cases) and in association with
C9orf72 mutations (6/6 cases), but also developed in Alzheimer’s disease (45% of cases) and progressive non-ﬂuent aphasia (25% of
cases). While altered temperature responsiveness was more common than altered pain responsiveness across syndromes, blunted
responsiveness to pain and temperature was particularly associated with behavioural variant frontotemporal dementia (40% of
symptomatic cases) and heightened responsiveness with semantic dementia (73% of symptomatic cases) and Alzheimer’s disease
(78% of symptomatic cases). In the voxel-based morphometry analysis of the frontotemporal lobar degeneration cohort, pain and
temperature symptoms were associated with grey matter loss in a right-lateralized network including insula (P50.05 corrected for
multiple voxel-wise comparisons within the prespeciﬁed anatomical region of interest) and anterior temporal cortex (P50.001
uncorrected over whole brain) previously implicated in processing homeostatic signals. Pain and temperature symptoms accompany-
ing C9orf72 mutations were speciﬁcally associated with posterior thalamic atrophy (P50.05 corrected for multiple voxel-wise
comparisons within the prespeciﬁed anatomical region of interest). Together the ﬁndings suggest candidate cognitive and neuroana-
tomical bases for these salient but under-appreciated phenotypic features of the dementias, with wider implications for the homeo-
static pathophysiology and clinical management of neurodegenerative diseases.
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Introduction
The frontotemporal lobar degenerations (FTLDs) are a
diverse group of proteinopathies characterized by selective
degeneration of distributed brain networks involving the
frontal and temporal lobes. Altered processing of sensory
signals is an important feature of these diseases (Bathgate
et al., 2001; Snowden et al., 2001; Pijnenburg et al., 2004;
Jesso et al., 2011; Omar et al., 2011a, 2013; Rohrer et al.,
2012; Fletcher et al., 2013; Downey et al., 2014; Landqvist
Waldo et al., 2014; Perry et al., 2014; Woolley et al., 2014;
Zhou and Seeley, 2014). Patients commonly fail to inter-
pret emotional and social cues correctly (Jesso et al., 2011;
Omar et al., 2011a; Kumfor and Piguet, 2012; Zhou and
Seeley, 2014) and may show obsessional attachment to par-
ticular stimuli such as sweet foods (Woolley et al., 2014) or
music (Fletcher et al., 2013) suggesting a generic disturb-
ance in processing reward and attributing hedonic valence
(Perry et al., 2014). However, several series have docu-
mented symptoms that might signify a more fundamental
abnormality in coding somatosensory signals, in particular
pain and temperature, by patients with FTLD (Bathgate
et al., 2001; Snowden et al., 2001; Ahmed et al., 2015).
Unpleasant somatic symptoms, often with a nociceptive
component (including non-speciﬁc unexplained headaches,
musculoskeletal, abdominal or urogenital discomfort, vague
migrating pains, chest pain and pruritus), have been
described in a substantial proportion of patients with
FTLD and may be early and prominent (Snowden et al.,
2001); such symptoms may be particularly salient in the
syndromes of semantic dementia and behavioural variant
frontotemporal dementia (FTD), especially with C9orf72
mutations (Landqvist Waldo et al., 2013). Patients may
exhibit strikingly abnormal ‘sensory behaviours’, especially
reduced responsiveness to painful stimuli in behavioural
variant FTD and exaggerated responses to pain in semantic
dementia (Bathgate et al., 2001; Snowden et al., 2001).
Symptoms suggesting disturbed thermoregulation have
also been reported with high prevalence in behavioural
variant FTD and semantic dementia (Ahmed et al., 2015).
Limited psychophysical evidence has suggested overall in-
creases in pain threshold and tolerance in FTD, albeit with
considerable individual variation (Carlino et al., 2010).
Such reports suggest that pain and temperature respon-
siveness are commonly though variably altered in FTLD
and are of considerable interest on both neurobiological
and clinical grounds. The neuroanatomical correlates of
pain processing in the healthy brain comprise a distributed
network with critical hubs in thalamus and insula and som-
atosensory, prefrontal, anterior temporal, limbic and sub-
cortical connections (Peyron et al., 2000; Craig, 2002;
Herde et al., 2007; Moulton et al., 2012). Temperature
sensibility is mediated by a closely overlapping network
(Craig, 2002; Moulton et al., 2012). Together these net-
works have a core role in regulation of bodily homeostasis:
current neurobiological formulations emphasize convergent
processing of somatic and visceral pain and thermo-
regulatory signals as functionally interdependent aspects
of interoception (Craig, 2002, 2009). Separable network
components underpin sensory gating and representation
(thalamus, posterior insula, somatosensory cortex), arousal
and attention (thalamus, anterior cingulate), evaluative and
contextual processing (anterior insula, anterior cingulate,
anterior temporal cortex, amygdala, hippocampus), and
programming behavioural responses (anterior cingulate,
orbitofrontal and prefrontal cortices) (Greenspan and
Winﬁeld, 1992; Peyron et al., 2000; Singer et al., 2004;
Brooks et al., 2005; Ho¨istad and Barbas, 2008; Craig,
2009; Mazzola et al., 2009, 2012; Isnard et al., 2011;
Moulton et al., 2012; Meerwijk et al., 2013). These net-
works overlap extensively with networks targeted by the
pathological process in FTLD. Impaired body schema in-
tegrity has recently been demonstrated in patients with
C9orf72 mutations (Downey et al., 2012, 2014) and may
be a generic pathophysiological mechanism of somatic de-
lusions, somatization and other neuropsychiatric symptoms
in these patients, due to disruption of a core thalamo-
cortico-cerebellar network (Mahoney et al., 2012; Lee
et al., 2014); involvement of thalamus, in particular, has
emerged as a consistent and early signature of this muta-
tion subgroup (Rohrer et al., 2015). Impaired appraisal of
salient sensory objects and events is integral to the clinical
syndromes of semantic dementia and behavioural variant
FTD, notably in association with right anterior temporal
lobe atrophy (Bathgate et al., 2001; Snowden et al.,
2001; Chan et al., 2009). Considered together, this evi-
dence suggests that pain and temperature pathophysiology
may link brain network disintegration with clinical symp-
toms in these diseases. However, in contrast with the well-
characterized central pain syndromes attending focal lesions
of thalamocortical circuitry (Schmahmann and Leifer,
1992; Blomqvist et al., 2000; Borsook, 2012), the phenom-
enology of pain and temperature processing and their
neuroanatomical bases have not been studied in detail in
FTLD. Moreover, altered experience of pain and tempera-
ture might be predicted in other neurodegenerative diseases
that disrupt the integrity of distributed networks that pro-
cess pain and temperature (Borsook, 2012). A notable test
case is Alzheimer’s disease. Limited available information
suggests that sensory encoding and perception of pain are
retained in Alzheimer’s disease, at least in early to moderate
stage disease, with engagement of a similar central nocicep-
tive network to healthy older individuals (Cole et al.,
2006); however, patients’ pain tolerance has been variously
reported as unaltered, increased or diminished (Cole et al.,
2006, 2011; Borsook, 2012; Jensen-Dahm et al., 2014) and
semantic processing of pain concepts may also be dimin-
ished (Oosterman et al., 2014).
Here we addressed these issues in cohorts of patients rep-
resenting the major syndromes of FTLD and typical
Alzheimer’s disease. Symptoms suggesting altered pain and
temperature processing were characterized using a semi-
structured pro forma administered to patients’ caregivers.
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Structural neuroanatomical correlates of these symptoms
were assessed using voxel-based morphometry (VBM) of
patients’ brain magnetic resonance images. We hypothesized
that pain and temperature symptoms would be over-
represented in behavioural variant FTD and semantic
dementia versus progressive non-ﬂuent aphasia (PNFA)
and Alzheimer’s disease, and more speciﬁcally, in patients
with C9orf72 mutations versus other disease groups; and
that behavioural variant FTD and semantic dementia have
overlapping but differentiable symptom proﬁles character-
ized by blunted versus heightened pain and temperature re-
sponsiveness, respectively. We further hypothesized that pain
and temperature symptoms in the FTLD cohort and in
Alzheimer’s disease would be associated with grey matter
atrophy in the distributed network previously implicated in
pain and temperature processing in the healthy brain. More
speciﬁcally, we hypothesized an association of insular atro-
phy with symptoms across syndromes (Peyron et al., 2000;
Craig, 2002; Zhou and Seeley, 2014); and partly separable
neuroanatomical associations, targeting thalamus in C9orf72
mutations, more anterior cortical regions in other FTLD
subgroups and more posterior somatosensory cortical asso-
ciation areas in Alzheimer’s disease (Cole et al., 2006; Chan
et al., 2009; Downey et al., 2014; Lee et al., 2014).
Materials and methods
Patient characteristics
Fifty-eight patients with FTLD (25 female, aged 52–84 years) and
20 patients with Alzheimer’s disease (eight female, aged 53–74
years) were assessed consecutively over a 3-year interval via a
tertiary Cognitive Disorders Clinic. All fulﬁlled consensus diag-
nostic criteria for a syndrome of FTLD (Gorno-Tempini et al.,
2011; Rascovsky et al., 2011) (behavioural variant FTD, n = 21;
semantic dementia, n = 17; PNFA, n = 20) or for Alzheimer’s dis-
ease led by decline in episodic memory (Dubois et al., 2007). The
syndromic diagnosis was supported in each case by detailed clin-
ical and neuropsychological evaluation following a standard
protocol referenced to a historical, age-matched healthy control
group (Table 1) and further corroborated by CSF and brain
amyloid PET imaging ﬁndings (ratio of total tau: amyloid-b1-42
levels41 in 14/14 Alzheimer’s disease cases and50.8 in 13/13
FTLD cases; ﬂorbetapir PET-negative for amyloid deposition in 7/
7 FTLD cases for which data were available). All patients had
MRI proﬁles of regional brain atrophy concordant with their
clinical diagnosis; no patient had radiological evidence of signiﬁ-
cant or strategic vascular damage. Genetic screening revealed 11
patients with a pathogenic mutation (six C9orf72; ﬁve MAPT).
All patients with a genetic mutation presented with behavioural
variant FTD apart from one patient with a C9orf72 expansion
who presented with PNFA.
Patients’ caregivers completed a semi-structured questionnaire
designed to identify symptoms suggesting altered pain or tempera-
ture processing (altered experience of pain or temperature) de-
veloping since the onset of their illness (Supplementary
Table 1). This questionnaire recorded caregiver descriptions of
patients’ symptoms and initially sought to capture any
unexplained unpleasant physical symptoms more generally,
before focusing explicitly on altered behavioural responses to
pain or temperature variations. Questionnaire data were analysed
off-line to determine the nature of any alteration in pain or tem-
perature responsiveness and its directionality (increased versus
decreased), based on caregiver descriptions of patients’ overt
verbal and non-verbal behaviours. Chi-square tests were used to
compare categorical differences in symptom prevalence and linear
regression was used to compare differences in background demo-
graphic and neuropsychological measures between groups. In
addition, we assessed for any correlation between pain and tem-
perature symptoms and any alteration in hedonic processing in
the domains of music and environmental sounds, as previously
recorded for this patient cohort (Fletcher et al., 2015).
All participants gave informed consent to be involved in the
study, which was approved by the local institutional ethics
committee in accordance with the Declaration of Helsinki.
Brain MRI acquisition and analyses
At the time of questionnaire data collection each patient under-
went volumetric brain MRI on a 3.0T Siemens scanner using a
32-channel phased-array head coil. A sagittal 3D magnetization
prepared rapid gradient echo T1-weighted volumetric MRI
(echo time/repetition time/inversion time 2.9/2200/900ms,
dimensions 256  256  208, voxel size 1.1  1.1  1.1mm)
was acquired. In all cases, volumetric scans were assessed visu-
ally in all planes to ensure adequate coverage and to exclude
artefacts or signiﬁcant motion.
To assess any relation between individual brain atrophy pro-
ﬁle and development of pain and temperature symptoms, each
patient’s brain magnetic resonance scan was reviewed by two
experienced cognitive neurologists (P.D.F., J.D.W.) while
blinded to symptomatic and clinical syndromic status. In each
case, the presence of relatively focal brain atrophy (dispropor-
tionate to more diffuse background atrophy) and the direction
of any cerebral hemispheric asymmetry on visual inspection
were recorded for the frontal, temporal and parietal lobes.
Any apparent right:left directionality of atrophy was assessed
for each lobar region using chi-square tests.
Preprocessing of patients’ brain magnetic resonance images
for VBM was performed using New Segment (Ashburner and
Friston, 2005) and the DARTEL (Ashburner, 2007) toolbox of
SPM8 (www.ﬁl.ion.ucl.ac.uk/spm) running under Matlab7.0.
Segmentation, normalization and modulation of grey and
white matter images were performed using default parameter
settings. Images were smoothed using a Gaussian full-width at
half-maximum of 6mm. To adjust for individual differences in
global grey matter volume during subsequent analysis, total
intracranial volume was calculated for each participant by
summing grey matter, white matter and CSF volumes follow-
ing segmentation of all three tissue classes. A study-speciﬁc
group mean template brain image was created by warping
all native space whole-brain images to the ﬁnal DARTEL tem-
plate and calculating the average of the warped brain images.
Voxel intensity (grey matter volume) was modelled for the
combined FTLD cohort and for the Alzheimer’s disease cohort:
ﬁrstly, as a function of presence versus absence of any symp-
toms suggesting altered pain or temperature processing; and
as a function of presence versus absence of symptoms for
pain and for temperature separately. Participant age, total
intracranial volume, Mini-Mental State Examination score
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(as a global measure of disease severity) and syndromic group
membership (where relevant) were included as covariates of no
interest in the models. In addition, in light of recent evidence
suggesting a distinct pathophysiological signature of C9orf72-
associated FTLD (Downey et al., 2014; Lee et al., 2014), we
performed a subanalysis of the symptomatic FTLD cohort con-
trasting patients with and without C9orf72 mutations. To help
protect against voxel drop-out due to potentially marked local
regional atrophy, a customized explicit brain mask was applied
based on a speciﬁed ‘consensus’ voxel threshold intensity cri-
terion (Ridgway et al., 2009) whereby a voxel was included in
the analysis if grey matter intensity at that voxel was40.1
in470% of participants (rather than in all participants, as
with the default SPM8 mask).
Statistical parametric maps of regional grey matter volume
correlating with pain and temperature symptoms were assessed
using two prescribed criteria, each thresholded at P5 0.05
after family-wise error (FWE) correction for multiple voxel-
wise comparisons. Maps were ﬁrst assessed after correction
over the whole brain volume, to determine any associations
that emerged without taking the evidence of previous studies
into account. Maps were next assessed after correction within
a regional small volume of interest, taking account of previous
evidence and our speciﬁc anatomical hypotheses: this single
anatomical small volume combined structures in both cerebral
hemispheres consistently identiﬁed as critical for interoceptive
and homeostatic processing of pain and temperature in the
healthy brain, namely, insular cortex and thalamus (Lenz
et al., 1993; Davis et al., 1999; Craig et al., 2000; Brooks
et al., 2005; Kim et al., 2007; Isnard et al., 2011; Mazzola
et al., 2012). Relevant anatomical subregions were customized
from the Oxford/Harvard brain maps in FSLview v3.1
(Desikan et al., 2006; Jenkinson et al., 2012) to ﬁt the group
mean template brain image. The overall distribution of grey
matter atrophy in key disease subgroups with and without
pain and temperature symptoms was assessed relative to
healthy controls in a separate VBM analysis (further details
in the online Supplementary material).
Table 1 General demographic and neuropsychological data for patient subgroups
Characteristic FTLD: pain / temperature AD: pain / temperature Healthy
controlsa
Symptoms No symptoms Symptoms No symptoms
General demographics
n: total (F:M) 31(10:21)b 27 (15:12) 9 (2:7)c 11 (6:5) 50 (23:27)
n: syndromes bvFTD / SD / PNFA 15/ 11 / 5 6 / 6 / 15 NA NA NA
n: no mutation / C9orf72 / MAPT 24 / 6 / 2 23 / 0 / 3 NA NA NA
Age (years) 65.4 (52–84) 64.8 (47–80) 63.8 (53–71) 65 (57–74) 67.5 (54–80)
Education (years) 13.9 (11–20) 15.2 (11–21) 13 (11–17) 15 (12–17) 15.2 (10–18)
Symptom duration (years) 6.5 (3–21) 4.8 (2–18) 5 (2–8) 5.5 (4–9) NA
MMSE 21.1 (4–30) 21.9 (1–30) 20 (13–25) 22.5 (14–29) 29.6 (28–30)
MRI profilesd
Temporal lobe atrophy (L:R:symm) 22(8:5:9) 16(12:1:3) 6(0:0:6) 9(0:0:9) NA
Frontal lobe atrophy (L:R:symm) 10(3:2:5) 11(6:1:4) 0 0 NA
Parietal lobe atrophy (L:R:symm) 3(1:0:2) 0 2(0:0:2) 1(0:0:1) NA
General intellect
Verbal IQ 76 (40–126) 78 (55–119) 86 (55–115) 93 (55–120) 120 (101–137)
Performance IQ 91 (65–136) 101 (69–134) 81 (59–125) 92 (63–119) 115 (84–141)
Episodic memory
RMT words (/50) 34 (20–49) 37 (18–47) 29 (17–42) 32 (24–50) 48 (39–50)
RMT faces (/50) 31 (24–50)* 36 (25–47) 32 (18–45) 39 (24–46) 43 (30–50)
Executive function
Stroop word (90 s) 35 (16–90) 39 (18–90) 43 (17–79) 36.6 (17–58) 22.7 (15–53)
Stroop inhibition (180 s) 100 (48–180) 105 (48–180) 143 (42–180) 101.4 (30–180) 57.6 (35–103)
Digit span reverse (/12) 3.7 (0–7) 4 (0–7) 3 (1–6) 3.6 (1–7) 5 (3–7)
Semantic processing
BPVS (/150) 98 (2–149) 118 (8–149) 126 (76–146) 132 (52–147) 147 (137–150)
Synonyms (/50) 34 (12–50)b 38 (20–49) 41 (30–49) 47.5 (46–49) 48 (36–50)
Visuospatial
VOSP object decision (/20) 16 (8–20) 17 (10–20) 16 (10–18) 15 (7–19) 18 (12–20)
Mean (range) data are shown unless otherwise indicated and maximum scores on neuropsychology tests are also indicated in parentheses. Significant differences (P5 0.05) between
patients and controls are in bold.
aHistorical age-matched group.
bFive patients with altered pain responses only, 13 with altered temperature responses only, 13 with both (see Table 2).
cSix patients with altered temperature responses only, three with alteration of both pain and temperature responses.
dBlinded visual rating of brain MRI scans (L:R:symm, number of cases with relatively focal lobar atrophy predominantly left-sided, right-sided or relatively symmetric; note lobar
involvement not mutually exclusive).
*Significantly (P5 0.05) different from non-symptomatic patients with FTLD.
AD = syndrome of Alzheimer’s disease led by decline in episodic memory; BPVS = British Picture Vocabulary Scale; bvFTD = behavioural variant FTD; F = female; M = male;
MMSE = Mini-Mental State Examination score; NA = not applicable; RMT = Recognition Memory Test; SD = semantic dementia; temp = temperature; VOSP = Visual Object and
Space Perception battery.
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Results
Analysis of pain and temperature
symptoms
Characteristics of the patient cohort are summarized in
Table 1 and a detailed analysis of symptoms is presented
in Table 2; extracts from caregiver questionnaire reports
for individual patients are presented in Supplementary
Table 2.
Symptoms suggesting abnormalities of pain and/or tem-
perature processing were reported in 31/58 patients with
FTLD (53% of the whole FTLD cohort) and in 9/20
patients with Alzheimer’s disease (45% of the Alzheimer’s
disease cohort). In both FTLD and Alzheimer’s disease
cohorts, altered responses to temperature variations were
more frequently reported than altered responses to pain.
While patients with FTLD (13/31 cases, 41%) and
Alzheimer’s disease (3/9, 33%) commonly had altered
responses both to pain and temperature, only patients
with FTLD (5/31 cases, 16%) had altered pain responses
alone. Within the FTLD cohort, symptoms suggesting
altered pain or temperature processing were statistically sig-
niﬁcantly more common in the behavioural variant FTD
group (15/21 cases, 71%) and semantic dementia group
(11/17 cases, 65%) than in the PNFA group (5/20 cases,
25%: P50.05 all comparisons): accordingly, behavioural
variant FTD and semantic dementia phenotypes were rela-
tively over-represented in the symptomatic FTLD subgroup
(Table 1). Of the genetic FTLD subgroups, patients with
C9orf72 mutations were over-represented in the symptom-
atic subgroup, reporting symptoms suggesting altered pain
or temperature processing in all (6/6) cases; whereas these
symptoms were recorded less frequently (2/5 cases) for
patients with MAPT mutations.
Caregiver reports (Supplementary Table 2) revealed a
diverse phenomenology of altered pain and temperature
experience among patients in the symptomatic cohort.
Pain symptoms were variably reported as arising from the
external environment or from within the patient’s own
body; while temperature symptoms were mainly described
as subjective discomfort relative to the ambient environ-
ment and only occasionally referred to thermal touch per
se. Symptoms varied widely in intensity and frequency.
Both increased responsiveness and decreased responsiveness
to pain and temperature variations were described, as well
as responses that were variably increased or decreased
within or between modalities. Within the temperature
modality, patients more often developed a dislike of cold
(rather than warm) environments. The directional prepon-
derance of altered pain and temperature responsiveness
varied between syndromic groups: within the behavioural
variant FTD group, decreased responsiveness and increased
responsiveness to pain and temperature variations were
equally frequent (each reported in six cases, 40%); whereas
increased responsiveness was more commonly described
within the semantic dementia group (8/11 cases, 73%),
the PNFA group (3/5 cases, 60%) and the Alzheimer’s
disease group (7/9 cases, 78%; see Table 2). More complex
bidirectional shifts in pain and temperature responses were
also described in all syndromic groups. The small C9orf72
mutation subgroup described symptoms similar to those
reported for the cohort as a whole (Supplementary
Table 2).
When neuropsychological proﬁles in the patient sub-
groups within the FTLD and Alzheimer’s disease cohorts
were compared according to the presence or absence of
pain and temperature symptoms, the symptomatic FTLD
group showed signiﬁcantly (P5 0.01) greater impairment
of face memory than the non-symptomatic FTLD sub-
group; the subgroups within each disease cohort were
otherwise similar overall (Table 1). Thyroid function (avail-
able for 66/78 patients including 34/40 patients with pain
and temperature symptoms) was normal in all cases
assessed. Three patients in the FTLD cohort with pain
and temperature symptoms underwent nerve conduction
studies, which were normal in all cases. The presence
of pain and/or temperature symptoms was positively
correlated with altered liking for music (P = 0.03) but not
environmental sounds (P = 0.8).
Table 2 Detailed description of the symptomatic patient cohort
Syndromic diagnosis n MRI profile: focal atrophya Symptom category Response
shift
TL FL PL
L/R/symm L/R/symm L/R/symm P/T/both inc/dec/
bothb
Behavioural variant FTD 15 1/2/5 2/2/3 1/0/0 4/7/4 6/6/3
Semantic dementia 11 6/2/3 0 0/0/1 1/3/7 8/1/2
PNFA 5 1/1/1 1/0/2 0/0/1 0/3/2 3/0/2
Alzheimer’s disease 9 0/0/6 0 0/0/2 0/6/3 7/0/2
*Blinded visual rating of brain MRI scans (L:R:symm, number of cases with relatively focal lobar atrophy predominantly left-sided, right-sided or relatively symmetric; note lobar
involvement not mutually exclusive).
bVariably increased or decreased responsiveness within or between modalities.
dec = decreased; FL = frontal lobe atrophy; inc = increased; L = left; N = normal; P = symptoms of altered pain experience; PL = parietal lobe atrophy; R = right; symm = relatively
symmetric; T = symptoms of altered temperature experience; TL = temporal lobe atrophy.
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Neuroanatomical correlates of
altered pain and temperature
processing
Visual review of individual patient MRI scans (summarized
in Tables 1 and 2) revealed an over-representation of cases
with relatively focal temporal lobe atrophy in the subgroup
of patients with FTLD and pain and temperature symptoms
in comparison to the group without such symptoms. In
particular, right-sided temporal lobe atrophy was more
common in the subgroup of patients with pain and tem-
perature symptoms than the subgroup without symptoms
(case ratio 5:1; see Table 1). However, this apparent dis-
proportion was not statistically signiﬁcant (P40.05). Focal
temporal lobe atrophy was frequent in all three FTLD syn-
dromes within the symptomatic cohort but concentrated (as
anticipated) in the semantic dementia subgroup. These ﬁnd-
ings were further corroborated in the VBM analysis map-
ping overall grey matter atrophy proﬁles in FTLD
subgroups with and without pain and temperature symp-
toms versus healthy controls (Supplementary Fig. 1 and
Supplementary Table 3). Disproportionate temporal lobe
atrophy was also frequent in patients with Alzheimer’s dis-
ease and pain and temperature symptoms; however, in con-
trast to the FTLD cases, none of these Alzheimer’s disease
patients exhibited asymmetric temporal lobe involvement
nor was there any temporal lobe predilection for symptom-
atic versus non-symptomatic Alzheimer’s disease cases.
Regional grey matter correlates of pain and temperature
symptoms from the VBM analysis are summarized in
Table 3 and statistical parametric maps are shown in
Fig. 1. No grey matter correlates of pain and temperature
symptoms were identiﬁed at the prescribed corrected signiﬁ-
cance threshold (P50.05FWE) at the level of the whole
brain. However, within the combined FTLD cohort, the pres-
ence of any alteration in pain or temperature responsiveness
was signiﬁcantly associated with atrophy of right mid insula
(and borderline signiﬁcant also for right posterior insula)
when thresholded at P50.05FWE after correction within
the prespeciﬁed anatomical region of interest; no signiﬁcant
grey matter associations were identiﬁed for pain symptoms or
for temperature symptoms separately, at the prescribed
threshold. In the separate VBM subanalysis of patients with
C9orf72 expansions contrasted with other FTLD patients
showing altered pain or temperature responses (Table 3
and Fig. 1), symptoms due to C9orf72 mutations were sig-
niﬁcantly associated with atrophy of right posterior thalamus
(and borderline signiﬁcant also for left posterior thalamus;
P5 0.05FWE within the prespeciﬁed anatomical region of
interest). No other grey matter associations were identiﬁed
at the prescribed signiﬁcance threshold.
To identify any less robust but potentially relevant neuro-
anatomical associations of pain and temperature symptoms
in the patient cohort, we performed a separate post hoc
exploratory analysis of the VBM data thresholded more
leniently at P5 0.001 uncorrected for multiple voxel-wise
comparisons over the whole brain. At this more lenient
threshold, additional regional grey matter correlates were
observed (Supplementary Fig. 2 and 3). Pain and tempera-
ture symptoms in the combined FTLD cohort and in the
subgroup not associated with C9orf72 mutations were add-
itionally associated with atrophy of right anterior temporal
cortex; while temperature symptoms (but not pain symp-
toms) in the FTLD cohort were associated with atrophy of
right mid-insula (Supplementary Fig. 2). Pain and tempera-
ture symptoms within the smaller Alzheimer’s disease
cohort were associated with grey matter atrophy in left
angular gyrus (Supplementary Fig. 3) using this relaxed
criterion.
Discussion
Here we have shown that altered experience of pain and
temperature is common in the major dementia syndromes.
Altered behavioural responses to both pain and tempera-
ture were frequently reported but more often reported for
temperature than pain. In line with our prior hypotheses
and previous work (Bathgate et al., 2001; Snowden et al.,
2001, 2013; Pijnenburg et al., 2004; Mahoney et al., 2012;
Ahmed et al., 2015; Downey et al., 2014; Landqvist Waldo
et al., 2014), certain syndromic signatures were identiﬁed.
Pain and temperature symptoms were commonly described
across FTLD syndromes, exhibited by the majority of
patients with behavioural variant FTD and semantic
Table 3 Voxel-based morphometric correlates of altered pain and temperature processing in FTLD
Grey matter
association
Brain region Side Cluster (voxels) Peak (mm) Z-score P-
value
x y z
All FTLD Mid insula R 227 40 1 0 4.37 0.02
Posterior insula R 105 39 18 2 4.05 0.055
C9orf72 mutations Posterior thalamus R 66 20 24 3 3.73 0.03
L 115 18 25 1 3.55 0.055
Significant regional correlates of altered pain and temperature processing (grey matter atrophy associated with any symptoms suggesting altered responsiveness to pain and/or
temperature) are based on contrasts over the whole frontotemporal lobar degeneration (FTLD) cohort (all symptomatic versus all asymptomatic patients) and in patients with
C9orf72 mutations (all symptomatic versus symptomatic patients without C9orf72 mutations). Associations are reported after correction for multiple voxel-wise comparisons within
the prespecified anatomical small volume of interest; all significant clusters440 voxels are shown and peak (local maximum) coordinates are in MNI standard stereotactic space (see
also Fig. 1 and further details in Supplementary Fig. 2).
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dementia and most frequently in the molecular subtype rep-
resented by C9orf72 mutations. Patients with Alzheimer’s
disease exhibited similar symptoms in a somewhat lower
proportion (45%) of cases. The directionality of symptoms
(heightened versus diminished responses to pain and tem-
perature) varied across the cohort but was also modulated
by syndrome: increased responsiveness to pain or tempera-
ture variations was most often reported in the semantic
dementia, PNFA and Alzheimer’s disease groups whereas
decreased responsiveness was most often associated with
behavioural variant FTD, again consistent with previous
evidence (Bathgate et al., 2001; Snowden et al., 2001;
Carlino et al., 2010). Occurrence of symptoms was not
simply attributable to disease severity or other demographic
or general neuropsychological factors. Though not quanti-
ﬁed here, the reported intensity and frequency of symptoms
varied widely among individuals in each syndromic group.
Pain and temperature symptoms were frequently accom-
panied by focal (and particularly, right-sided) temporal
lobe atrophy in individual patients with FTLD, as
anticipated from previous work and consistent with the
more severe face processing deﬁcit in this FTLD subgroup
(Snowden et al., 2001; Chan et al., 2009; Omar et al.,
2011b). However, asymmetric temporal lobe atrophy was
not a sine qua non for development of such symptoms, as
illustrated by the Alzheimer’s disease cases. In line with
these ﬁndings and with previous studies in the healthy
brain (Peyron et al., 2000; Craig, 2002; Singer et al.,
2004; Henderson et al., 2007; Herde et al., 2007; Isnard
et al., 2011; Borsook, 2012; Moulton et al., 2012), a VBM
group analysis of patients’ brain MRIs delineated a distrib-
uted network of brain regions where atrophy was asso-
ciated with altered responsiveness to pain or temperature.
The most robust network correlates of pain and tempera-
ture symptoms comprised right-lateralized grey matter
areas in mid and posterior insula in the combined FTLD
group and bilateral posterior thalamus in the C9orf72
mutation group.
These ﬁndings substantiate current formulations of the
neural organization of central somatosensory and homeo-
static signal processing (Craig, 2002, 2009; Borsook, 2012;
Preusser et al., 2015). Peripheral somatic and visceral sensory
afferents conveying pain and thermal information relay via
postero-lateral thalamic nuclei to somatosensory cortex
(Brodmann area 3a) and dorsal posterior insula (Craig,
2002). While primary somatosensory cortex may process
tactile events (Preusser et al., 2015), classical models empha-
sizing somatosensory labelled lines have been incorporated by
current models that emphasize the intimate association of
pain and thermal information and their integration as joint
aspects of interoception, salient sensory phenomena that are
potentially critical for signalling body homeostasis (Craig,
2002, 2009). The posterior insula is a central network hub
for integration of these homeostatic signals to map an intero-
ceptive ‘image’ of body state (Craig, 2002). Focal lesions of
posterior thalamus and posterior insula are well known to
produce central pain syndromes and microstimulation of
these regions may produce pain and thermal sensations
(Blomqvist et al., 2000; Mazzola et al., 2009, 2012;
Sprenger et al., 2012). The thalamo-insular network plays a
broader role in integrating external and interoceptive sensory
signals to generate a coherent body schema that deﬁnes
bodily integrity and agency in relation to the environment
(Lenz et al., 1993; Davis et al., 1999; Banzett et al., 2000;
Craig et al., 2000, 2002, 2009; Critchley et al., 2000, 2011;
Brooks et al., 2005; Critchley, 2005; Henderson et al., 2007;
Seeley et al., 2007a, b, 2009; Corbetta et al., 2008; Sridharan
et al., 2008; Bjornsdotter et al., 2009; Mazzola et al., 2009,
2012; Menon and Uddin, 2010; Beissner et al., 2013).
Both insula and thalamus are involved by the patho-
logical process in FTLD (Chow et al., 2008; Zhou et al.,
2010; Garibotto et al., 2011). In this regard, it is particu-
larly pertinent that posterior thalamic atrophy emerged
here as a signature of pain and temperature symptoms
with C9orf72 mutations. While the clinical and neuroana-
tomical phenotypic spectrum of C9orf72-associated disease
is protean, neuropsychiatric disturbances are often early
Figure 1 Statistical parametric maps (SPMs) showing re-
gional grey matter atrophy significantly associated with
altered pain and/or temperature responsiveness in the
FTLD cohort. See also Table 3. SPMs are based on the contrast
between patient subgroups with and without symptoms in the
combined cohort (All FTLD, top) and in patients with C9orf72 mu-
tations (C9orf72; all symptomatic) versus symptomatic patients
without C9orf72 mutations (bottom). SPMs are thresholded for dis-
play purposes at P5 0.001 uncorrected for multiple comparisons
over the whole brain and rendered on sections of a group mean T1-
weighted magnetic resonance brain template image in MNI standard
space; coordinates (mm) of the plane of each section are indicated
and the right hemisphere is shown on the right of the coronal
sections and the axial section (bottom right, magnified to show
thalamic anatomy). Z-scores for the SPMs are scaled according to
the colour bar.
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and prominent and may be underpinned by disintegration
of a large-scale cortico-thalamo-cerebellar brain network
(Downey et al., 2012; Mahoney et al., 2012; Snowden
et al., 2012, 2013; Takada and Sha, 2012; Whitwell
et al., 2012; Lee et al., 2014; Rohrer et al., 2015).
Deranged body schema processing is a candidate patho-
physiological mechanism linking network pathology with
clinical features in C9orf72 mutations (Downey et al.,
2014), and disturbed pain processing due to thalamic dys-
function might be a critical signal of this more general
impairment in representing bodily integrity. It would be
intriguing if this clinical phenotype had a speciﬁc micro-
anatomical marker (Blomqvist et al., 2000). Pathological
data have demonstrated heavy thalamic involvement in a
series of C9orf72 mutation cases reporting a high frequency
of unexplained somatic and visceral pains during life
(Landqvist Waldo et al., 2013). Although precise localiza-
tion was not possible in this study, the posterior thalamic
correlate identiﬁed in the C9orf72 mutation group here
closely approximates several potentially relevant thalamic
subregions. These include pulvinar, which may regulate
cortical ‘set’ for interpreting painful stimuli (Shipp, 2003);
and the posterior portion of the ventral medial thalamic
nucleus, which is likely to serve as a dedicated spinothala-
mocortical relay for pain and temperature sensations and
may play a fundamental role in signalling physiological
body states (Blomqvist et al., 2000).
Caution is needed in interpreting the additional neuro-
anatomical correlates identiﬁed in this study, as these
were exploratory and substantially less statistically robust.
However, involvement of right anterior temporal cortex in
the FTLD group (and more particularly, the subgroup of
patients without C9orf72 mutations) here was corrobo-
rated both by inspection of individual magnetic resonance
brain images and the relaxed VBM analysis, and chimes
with previous evidence implicating this region in non-
verbal sensory semantic (including pain and somatic) pro-
cessing (Chan et al., 2009; Goll et al., 2010; Omar et al.,
2010, 2013; Hsieh et al., 2011). Unpleasant somatic and
visceral sensory experiences occur with focal damage invol-
ving this region (Naga et al., 2004; Erickson et al., 2006),
while anterior temporal lobe dysfunction associated with
migraine enhances thalamo-cortical connectivity (Moulton
et al., 2011). The temporal lobe may play a key role in
contextualizing unpleasant sensory experience by linking
these to other data on current bodily state, previous auto-
biographical experiences and stored conceptual (including
social normative) knowledge (Rankin et al., 2006; Zahn
et al., 2009; Aminoff et al., 2013; Irish et al., 2014) and
by engaging a distributed anterior fronto-temporal apprai-
sal network (Guo et al., 2013; Zhou and Seeley, 2014).
Degradation of this contextualizing function might preclude
programming of a coherent, organized behavioural re-
sponse to pain and temperature variations. The critical
linkage of anterior temporal mechanisms with interoceptive
processing networks is likely to be mediated via an integra-
tive hub in mid-insular cortex (Craig, 2009), which
emerged as a separate neuroanatomical correlate of altered
pain and temperature responsiveness here. This region may
be involved in generating subjective psychological states via
projections to anterior insula, anterior cingulate, orbito-
frontal and prefrontal cortices and in programming coher-
ent autonomic effector responses (Craig, 2002, 2009;
Grecucci et al., 2013; Zhou and Seeley, 2014). This in
turn suggests a brain substrate for autonomic dysregulation
in FTLD (Ahmed et al., 2015).
With a similar caveat regarding interpretation of uncor-
rected data, VBM analysis of the present Alzheimer’s dis-
ease cohort revealed a distinct cortical correlate of pain and
temperature symptoms in inferior parietal cortex. This cor-
tical region has been implicated in processing pain and in
particular, in reorienting brain activity between resting ‘de-
fault mode’ and active attention to salient stimuli (Kucyi
et al., 2012; Bray et al., 2015). Moreover, the region is a
core target of pathology in Alzheimer’s disease (Warren
et al., 2012) and may be involved in a range of behavioural
features in this disease that remain incompletely character-
ized. These Alzheimer’s disease-associated behavioural
changes include anxiety and hyper-emotionality, features
that also typically develop in chronic pain syndromes
(Sturm et al., 2013; Kucyi et al., 2014; Pujol et al.,
2014). Aberrant activity of temporo-parietal cortex in
Alzheimer’s disease might disrupt processing of interocep-
tive signals, both by amplifying ruminative awareness of
body states via the default mode network and by gating
activity in insula and anterior networks that reciprocally
interact in evaluating salient stimuli (Grecucci et al.,
2013; Letzen et al., 2013; Zhou and Seeley, 2014). The
relative prominence of temperature (relative to pain) symp-
toms in the Alzheimer’s disease cohort here supports this
interpretation, as under most circumstances thermal com-
fort or distress reﬂects the degree of perceived mismatch
between one’s own body temperature and the environment;
temperature sensibility might therefore be regarded as a
probe of interoceptive signal processing par excellence
(Craig, 2002).
Our focus on behaviourally relevant symptoms under-
lines several challenges in studying patients’ experience of
pain and temperature. As conceptualized in contemporary
neurobiological models (Craig, 2002, 2009) and illustrated
by the present behavioural data, these are complex psycho-
logical constructs: alteration in a patient’s responsiveness to
pain or temperature variations might reﬂect altered aware-
ness, tolerance, motivation, behavioural organization or
some interaction of these, all potentially dissociable pro-
cesses. Informant-derived data are subject to bias: care-
givers may be more likely to report patients’ behaviour or
verbal output where these are heightened rather than atte-
nuated, while certain modalities (such as non-painful ther-
mal touch) are intrinsically less accessible to such reporting.
In a number of cases, complex or bidirectional shifts in
patient behaviour were described; the attempt to assign a
direction to behavioural change is particularly problematic
in the case of temperature processing, which might, in
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principle, reﬂect altered sensitivity to external heat, cold or
both relative to own body temperature. Moreover, struc-
tural neuroanatomical correlation using VBM is a rather
blunt instrument for investigating such complex network-
based processes. In addition to any direct association with
atrophy proﬁle, relevant disease effects are likely to reside
in connectivity alterations among network elements that are
not captured on VBM, perhaps accounting for the absence
here of disease effects in anterior cingulate or orbitofrontal
regions that might have been anticipated a priori (Craig,
2002; Zhou and Seeley, 2014). On the other hand, VBM
can identify brain substrates that are critical in the gener-
ation of symptoms.
Taking the above caveats into account, the present be-
havioural, MRI and VBM data together allow certain con-
clusions to be drawn about the breakdown of brain
organization for pain and temperature processing in these
neurodegenerative diseases. The processing of pain and
temperature entails the transformation of sensory data
into a complex experiential construct via hierarchical and
integrative processing over a series of cortical relays: these
stimuli are of fundamental biological signiﬁcance (demand-
ing high ﬁdelity decoding) and at the same time, richly
invested with subjective emotional, mnestic and semantic
associations (demanding contextual editing and interpret-
ation). As such, pain and temperature provide a paradig-
matic illustration of a key principle of cortical neurobiology
(Mesulam, 1998; Craig, 2002, 2009) and an ideal probe of
large-scale brain network operations in neurodegenerative
disease (Zhou and Seeley, 2014). The present evidence sug-
gests a model for synthesizing neurodegenerative disease
effects on these cortical operations that is consistent both
with data from normal neurophysiological and functional
neuroimaging work and the effects of focal brain lesions
(Craig, 2002, 2009; Borsook, 2012). According to this
synthesis (Fig. 2), C9orf72 mutations target early encoding
of pain and temperature signals at the level of thalamo-
cortical circuitry, accounting for the high proportion of
cases reporting relevant symptoms here; while behavioural
variant FTD more generally disrupts the relay of body state
information from posterior insula and its integration with
hedonic and environmental context in mid insula and more
anterior regions. This interpretation allows for either ab-
normally reduced or abnormally increased subjective
awareness of homeostatic signals, based on the extent to
which network activity is interrupted or continues to trans-
fer noisy signals (a mechanism potentially analogous to
pain asymbolia following focal insular lesions: Berthier
et al., 1988; Masson et al., 1991). Such noisy processing
might involve degraded temporal scheduling of salient sen-
sory and emotional signals, a key function attributed to
anterior insula that is vulnerable in FTLD (Wiener and
Coslett, 2008; Craig, 2009; Henley et al., 2014). More
anterior insular regions are also targeted in PNFA, provid-
ing a candidate locus for altered homeostatic awareness in
this syndrome (Seeley et al., 2009). Degeneration of anter-
ior temporal lobe mechanisms in semantic dementia impairs
contextual processing of minor discomforts via the linkage
to mid insula, resulting in aberrant ‘over-valuation’
(decreased tolerance) of such stimuli; while temporo-
parietal cortical damage in Alzheimer’s disease leads to ab-
errant salience coding of homeostatic signals, perhaps via
abnormally enhanced gating of interoceptive information
between the default mode network and anterior salience
network (Zhou and Seeley, 2014).
This model does not exclude the possibility of additional
loci (for example, spinal and brainstem pathways) at which
neurodegenerative pathologies might degrade pain and tem-
perature signals, with potential consequences for cortical
elaboration of these signals (Braak et al., 2007; Olausson
et al., 2010). However, the cerebral regions implicated in
altered pain and temperature processing here overlap closely
with regions previously implicated in social cognition, under-
lining the close coupling of homeostatic and social signal
processing and their joint vulnerability in disease states
(Craig, 2009; Grecucci et al., 2013; Zhou and Seeley,
2014). Related phenomena such as social touch (the
human analogue of grooming behaviour) are likely to
share this brain circuitry and may contribute to deﬁcits of
interpersonal awareness in FTLD and other dementias
(Craig, 2009). It is increasingly recognized that neurodegen-
erative diseases disrupt the hedonic valuation of a range of
sensory signals. Besides pain and temperature, this spectrum
includes signals related to eating and satiety (Whitwell et al.,
2007; Woolley et al., 2014), music and other complex
sounds (Fletcher et al., 2013, 2015) and somatosensory
boundaries (Downey et al., 2012, 2014). It is therefore of
interest that homeostatic symptoms in the present patient
cohort were correlated with altered hedonic valuation of
music. This work has demonstrated neural networks that
are engaged jointly by these diverse phenomena and re-
afﬁrms the primacy of the thalamo-insular linkage in regu-
lating the interface between homeostatic and environmental
contingencies, reward and punishment (Craig, 2002, 2009;
Perry et al., 2014; Zhou and Seeley, 2014). Furthermore,
pain like other signals in this spectrum is a crucial basis
for empathy and understanding of others’ mental states, sug-
gesting a mechanism for co-opting this same brain circuitry
to represent selves other than one’s own. Such ‘mentalizing’
activity been proposed as the evolutionary driver for music
(Clark et al., 2015) and its disruption is an essential harbin-
ger of many dementias (Rankin et al., 2006; Sturm et al.,
2013).
From a clinical perspective, the present work provides a
framework for understanding an important category of
symptoms that has been under-emphasized in neurodegen-
erative disease. Our ﬁndings underline the prevalence of
pain and temperature symptoms across the FTLD spectrum
and suggest a syndromic preponderance characterized by
blunted versus heightened responsiveness to pain and tem-
perature signals in behavioural variant FTD and semantic
dementia, respectively. This syndromic association in turn
may suggest a candidate mechanism for the somatization,
hypochondriasis and abnormal illness behaviour that these
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patients frequently exhibit, particularly in the setting of
focal right temporal lobe atrophy (Chan et al., 2009):
bodily sensations divested of contextual meaning might
plausibly drive such behaviours, particularly if com-
pounded by deﬁcits of social comportment (Rankin et al.,
2006; Zahn et al., 2009; Irish et al., 2014). Prominent pain
and temperature alterations may constitute a clinical signa-
ture of Corf72 mutations. Perhaps more surprisingly, our
ﬁndings suggest that similar symptoms (particularly affect-
ing thermoregulatory signals) are not uncommon in pa-
tients with Alzheimer’s disease and have probably been
under-recognized. Aside from any potential value in diag-
nosing dementia syndromes, improved understanding of
patients’ experience of pain and temperature holds clear
practical implications for management. The present ﬁndings
go beyond the simple assumption that cognitive impairment
hampers communication of distress—the data suggest that
underlying brain mechanisms of pain and temperature pro-
cessing may be altered in dementia. Patients with dementia
may be at increased risk of undetected illness or injury and
potentially vulnerable to hypothermia, or other homeostatic
derangements. The recognition that homeostatic processing
may be signiﬁcantly degraded in these diseases paves the
way for developing strategies to ensure that patients are
neither subjected to futile diagnostic procedures nor
denied medical attention simply because they are
uncomplaining.
This study suggests a number of directions for further
work. Future studies should engage larger patient cohorts
and assess those cohorts longitudinally, to allow more
Figure 2 A schematic synthesis of the effects of dementia syndromes on pain and temperature processing. Based on present data
and current formulations of central homeostasis (Craig, 2002, 2009; Ho¨istad and Barbas, 2008; Borsook, 2012; Zhou and Seeley, 2014). Ellipses
indicate core components of the homeostatic processing network, rectangles indicate linked brain regions that modulate processing of
homeostatic signals and arrows signify predominant direction of information flow; anatomical regions are labelled alongside their putative roles in
the processing hierarchy (grey filled ellipses) and dementia syndromes are labelled (italics) with grey crosses indicating the major locus of
dysfunction in that syndrome. According to the proposed synthesis, C9orf72 mutations target early encoding of pain and temperature signals in
thalamo-cortical circuitry; behavioural variant FTD disrupts the relay of body state information from posterior insula and both behavioural variant
FTD and PNFA degrade its contextual integration in mid insula and more anterior regions; semantic dementia degrades anterior temporal lobe
mechanisms that evaluate stimulus context; and temporo-parietal cortical damage in Alzheimer’s disease leads to abnormally enhanced gating and
aberrant salience coding of homeostatic signals. Besides interruption of signalling pathways, degraded (e.g. temporally dysregulated) information
flow may also contribute to network dysfunction (Craig, 2009). ACC = anterior cingulate cortex; AD = Alzheimer’s disease; ant = anterior;
bvFTD = behavioural variant FTD; OFC = orbitofrontal cortex; post = posterior; SD = semantic dementia; TL = temporal lobe; TPJ = temporo-
parietal junction.
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detailed clinical stratiﬁcation and validate the diagnostic
biomarker potential of pain and temperature alterations;
ultimately, histopathological correlation will be required.
The Alzheimer’s disease group here was relatively young;
further work should extend this population to the wider
population of older-onset Alzheimer’s disease. Processing
of pain and thermal signals should be directly assessed
and clinical rating scales should be veriﬁed using quantita-
tive sensory testing and other neurophysiological and
autonomic techniques and brain mechanisms should be elu-
cidated using parallel functional neuroimaging paradigms.
Rather than relying on a simpliﬁed binary classiﬁcation
(symptoms present or absent), future work should code
symptom frequency and intensity for parametric correlation
with other disease measures. It will also be important to
explore patients’ conceptualization of interoceptive signals,
as this might yield further signatures of disease [for ex-
ample, delusional elaboration in association with C9orf72
mutations (Downey et al., 2014); degraded semantic repre-
sentations of pain, potentially relevant to a number of
diseases (Oosterman et al., 2014)]. Pain and temperature
may constitute a useful model system for investigating
abnormalities of sensory salience, homeostatic and self
schema processing that are core to the pathophysiology
of canonical neurodegenerative diseases (Craig, 2002,
2009; Downey et al., 2014; Zhou and Seeley, 2014).
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